INTRODUCTION
A criticality accident occurred at the Uranium Conversion Building (UCB) of JCO Company Limited in Tokai-mura, Ibaraki Prefecture, Japan on September 30, 1999, and fission neutrons were continuously emitted from the uranium solution in the precipitation vessel (PV) for about 20 hours. The neutron-induced radionuclides such as 24 Na, 32 P, 46 Sc, 51 Cr, 54 Mn, 59 Fe, 58 Co, 60 Co, 65 Zn and 198 Au were detected in soil, pine needle, table salt, stainless steel, coins and gold products at and around the JCO site [1] [2] [3] [4] [5] [6] [7] . Most of the detected radionuclides were induced by thermal neutrons, but 32 P, 54 Mn and 58
Co were produced by fast neutrons. Cobalt-58, 54 Mn and 57 Co were produced by fast neutrons from Chinese atmospheric nuclear weapons tests, and the concentrations of the nuclides in the air have been determined 8) , 9) . Such radionuclides have not been detected in the air after the end of 1981.
Residual neutron-induced radionuclides, such as 152 Eu, 154 Eu and 60 Co, in materials exposed to atomic-bomb radiation at Hiroshima and Nagasaki were measured to estimate the neutron fluences 10, 11) . However, a new approach to evaluate neutron fluences by (n, p) reactions with fast neutrons is more useful than by (n, γ ) reactions with thermal neutrons because of less influence by shielding effects 12) . Kofuji et al. 2) performed the detection of β-rays from 32 P induced by the 35 Cl(n, α) reaction using a low-background β-counting system with a passively implanted silicon detector after chemical separation to estimate the fluences of fast neutrons at various distances from the JCO criticality accident site. We independently attempted to measure 54 Mn and 58
Co, γ -ray emitters with longer half-lives than 32 P, formed by the (n, p) reaction with fast neutrons from the accident in materials of iron and nickel. The determination of radioactivity induced by fast neutrons is important for both a precise estimation of the neutron spectrum, and an accurate evaluation of a more biological effective dose given by fast neutrons than thermal neutrons.
The (n, γ ) reaction products with thermal neutrons were also determined. Shielding effects could be estimated by comparing the fast-neutron fluences with the thermal-neutron fluences.
MATERIALS AND METHODS
Chemical reagents were collected at the JCO site on October 26, 1999, and on November 27, 1999. Also, a piece of stainless-steel mesh screen of a cooling tower and a few iron bolts were sampled on February 11, 2000. This sampling program was a part of the activity of the Japanese University Research Group for the Environmental Impact of the JCO Criticality Accident '99 Tokai (abbreviated to JUniRGEnI-JCO-CAT) 13) . The sampling locations are shown in Fig. 1 .
The distance between the sampling places and PV ranged from 2.0 m to 65 m. The mesh screen of stainless steel was collected at the closest place (Site-A) 2.0 m from the center of PV and the iron bolts were collected on the ground 7.8 m from PV (Site-B collected at the Third Uranium Testing Building (TUTB), which lies 63 m northwest from PV. Non-destructive γ -ray spectrometry by the use of a well-type Ge detector was performed for all samples. A stainless-steel plate was collected at a material-storing place (Site-C), 270 m east from UCB, in the vicinity of the JCO Company on October 25, 1999. When the stainless-steel plate was set up on the γ -ray detector, only 51 Cr was detected. After radiochemical separation, the radioactive cobalt in the samples containing nickel was measured with a well-type Ge detector under the condition of high detection efficiency.
Each stainless-steel sample was dissolved in 6M HCl, and iron was removed by solvent extraction. Cobalt was then separated from other elements with an anion-exchange resin. The Raney nickel and the nickel salts were dissolved in 8M HCl, and cobalt carriers were added to the nickel solutions other than the solution of the Raney nickel. Cobalt in the nickel reagents was also purified by an anion-exchange technique. The chemical yields of cobalt were more than 85% for all samples. The contents of Mn, Fe, Co and Ni in the stainless-steel samples and those of Co and Ni in the nickel reagents were determined by an instrumental neutron activation analysis (INAA) at Kyoto University Reactor (KUR). One of the iron bolts was partly dissolved in 6M HCl; the solution was neutralized with Na(OH) to recover Fe and Mn as hydroxides. Table 1 lists the concentrations of Cr, Fe, Co, Ni and Cs in the samples. The detection efficiency of the γ -ray spectrometer was measured using mock-up samples. The radionuclides used to prepare the mock-up samples were produced at KUR and calibrated Figure 2 shows the g-ray spectrum of the mesh screen of stainless steel (collected at Site-A) before chemical separation. The photo-peaks of five radioisotopes, i.e. 51 Cr, 54 Mn, 59 Fe,
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Co and 60 Co, were clearly detected. A weak photo-peak of 122 keV, attributed to 57 Co, was also recognized by non-destructive γ -ray spectrometry, and the peak of 57 Co became clear after the chemical separation of Co from the stainless-steel mesh. The data for concentrations of radionuclides in all of the samples are given in Table 2 . The values represent the ratios of the radioactivity, decaycorrected to the end of the criticality accident, to the unit weight of the target element. The associated errors of the concentration data were evaluated by considering only counting statistics.
The half-lives, the production reactions, the cross sections 14) with fission neutrons or thermal neutrons, and the threshold energies for all of the reactions are given in Table 3 . Cromium-51, 59 Fe and 60 Co were induced by (n, γ) reactions. Manganese-54 and 58 Co were induced by (n, p) , decay corrected to October 1, 1999 Co became 0.37, viz., the measured activity ratio was much higher than the estimated one. Since the concentration of Co in the sample was 
DISCUSSION
The relation between the radioactivity of an induced long-life radionuclide and the number of target atoms is
where D is the radioactivity produced by a reaction (Bq), T: the half-life of the radionuclide (s), N: the number of target atoms, Φ(E): the neutron fluence (cm -2 ), and σ(E): the neutron cross section (cm 2 ). Although the cross sections are available in the literature, the neutron fluence and the energy distribution depend on the shielding and the distance between the neutron source and the target material. Neutron-transfer calculations were performed for the JCO criticality accident using a Monte-Carlo code by T. Imanaka 20) and S. Endo et al. 21) ; they estimated the neutron doses for various places by reference to the radioactivity of induced radionuclides. Imanaka 20) calculated the neutron energy distribution for the closest site, 2.0 m from the center of PV, where the mesh screen of stainless steel was collected; the total number of fission events was calculated to be 2.5 × 10 18 by referring to our data of the induced radioactivity. This result is in good agreement with that in the final report of the Japanese Nuclear Safety Committee 22) . The neutron fluence at Site-A was concurrently evaluated to be 4.8 × 10 12 cm -2 by the above-mentioned calculation methodology. The neutron FIA KERMA at Site-A is estimated to be 57 Gy on the basis of the calculated neutron fluence, the calculated neutron energy distribution and the neutron fluence-to-KERMA factors in the literature 23) . The observed concentrations of 51 Cr, 54 Mn, 59 Fe, 58 Co and 60 Co are well reproduced by this calculation 20) . We can conclude that the Monte-Carlo calculation by Imanaka is entirely successful, because both the (n, p) reaction and (n, γ ) reaction products were fully reproduced by the calculation 20) . This calculation will be applicable to an estimation of the neutron doses for the exposed employees who worked around the precipitation vessel.
As described above, satisfactory results for estimating the neutron dose have been obtained in the vicinity of the precipitation vessel. An attempt by Imanaka has been made to simulate the behavior of neutrons up to 20 m around the Uranium Conversion Building 20) . Although those calculations are considered to be successful in reproducing the radioactivities of the (n, γ ) reaction products, the calculated results were larger than our observed values for the iron bolt collected 7.8 m from PV by a factor of about three. A more refined calculation may be needed, which includes appropriate shielding conditions between UCB and the sampling places. The neutron doses were estimated for further distances from 130 m to 450 m on the basis of the measurement of 51 Cr and the Monte-Carlo calculation 21) . An accurate and precise determination of 58
Co in the stainless-steel plate collected at Site-C (270 m east from the criticality accident site) is essential for a proper extension of the calculation methodology to distal places.
